By stimulating distinct receptor subtypes, dopamine (DA) exerts presynaptic and postsynaptic actions on both large aspiny (LA) cholinergic and fast-spiking (FS) parvalbumin-positive interneurons of the striatum. Lack of receptor-and isoform-specific pharmacological agents, however, has hampered the progress toward a detailed identification of the specific DA receptors involved in these actions.
Introduction
Nigrostriatal dopamine (DA) innervation plays an essential role in the control of striatal neuron activity by interacting with multiple membrane conductances (Calabresi et al., 1987; Schiffmann et al., 1995; Surmeier et al., 1995; Lin et al., 1996; HernandezLopez et al., 2000) and with excitatory and inhibitory transmission (Cepeda et al., 1993 (Cepeda et al., , 1998 (Cepeda et al., , 2001 Hsu et al., 1995; Delgado et al., 2000; Flores-Hernandez et al., 2000; Centonze et al., 2002) . In addition, DA exerts a complex modulatory control on the activity of striatal projection neurons through long-term mechanisms (Calabresi et al., 1997 (Calabresi et al., , 2000b Arbuthnott et al., 2000; Centonze et al., 2001; Kerr and Wickens, 2001; Tang et al., 2001) . In recent years, the modulation of interneuron activity has emerged as a critical function of DA in the striatum Aosaki et al., 1998; Pisani et al., 2000; Momiyama and Koga, 2001; Bracci et al., 2002) . The DA-mediated regulation of striatal interneuron activity, in turn, may provide strong control of the whole basal ganglia circuitry.
On the basis of the main transmitter released, striatal interneurons are differentiated into two distinct groups: cholinergic cells and GABAergic cells. They comprise only 2-4% of the neuronal population of the striatum, the remaining being represented by medium spiny projection cells (Kawaguchi, 1992 (Kawaguchi, , 1993 Kawaguchi et al., 1995) . Striatal cholinergic interneurons are large (20 -50 m) aspiny neurons and represent the main source of acetylcholine (Ach) in the striatum. These neurons modulate spiny neuron activity through presynaptic and postsynaptic actions (Galarraga et al., 1999; Calabresi et al., 2000a; Koos and Tepper, 2002) . On the other hand, GABAergic interneurons are aspiny cells of medium size (10 -25 m) that are immunoreactive for parvalbumin or nitric oxide synthase and provide a strong inhibitory control of striatal output neurons through monosynaptic IPSPs (Plenz and Kitai, 1998; Koos and Tepper, 1999) .
DA controls striatal interneuron activity via presynaptic and postsynaptic actions and distinct receptor subtypes. Pharmacological studies in slices have revealed that DA receptors of the D1-like subfamily (D1 or D5 receptors) are involved mainly in the direct membrane depolarization of both large aspiny (LA) cholinergic cells (Aosaki et al., 1998; Pisani et al., 2000) and fastspiking (FS) GABAergic interneurons (Bracci et al., 2002) . Conversely, activation of receptors of the D2-like subfamily (D2, D3, or D4 receptors) causes, through a presynaptic action, the inhibition of GABA A -mediated synaptic inputs to both intrinsic striatal cell types (Pisani et al., 2000; Momiyama and Koga, 2001; Bracci et al., 2002) . So far, however, the lack of receptor-specific pharmacological agents has hampered the progress toward a more detailed identification of the DA receptors involved in the modulatory actions of DA on these interneurons.
In the present in vitro electrophysiological studies, we used four different mutant mice, in which the expression of specific DA receptors is either ablated or altered to clarify the involvement of the most abundant DA receptors expressed in the striatum, D1 and D2, in these functions. To do this, D1 and D2 receptor-deficient mice were used to identify the receptor subtype involved in the depolarizing and presynaptic effects, respectively, of DA on both LA and FS interneurons. In addition, to detail which receptor isoform of the D2 receptor mediates the inhibitory action of DA on the GABAergic inputs to these cells, we used two recently generated mice. These mice are characterized by the complete absence of the long isoform of the D2 receptors (D2L) but by variable expression of the D2S isoform.
Materials and Methods
Male mice lacking DA D1 (D1RϪ/Ϫ) (Xu et al., 1994) , D2 (D2RϪ/Ϫ) (Baik et al., 1995) , and D2L (Usiello et al., 2000) receptors were used, along with their wild-type (WT) counterparts (2-3 months old), for all of the electrophysiological experiments. Two distinct genotypes of D2L-lacking mice were used. Ablation of D2L receptors (D2LϪ/Ϫ) results in a conversion of the totality of the D2R transcripts into D2S receptors. This leads to overexpression of the D2S receptors (Usiello et al., 2000) as compared with its level in WT littermates. We thus also generated D2LϪ/Ϫ animals with a lower number of D2S sites by mating D2RϪ/Ϫ mice with D2LϪ/Ϫ mice. In these mice, the complete absence of D2L receptors is coupled with a closer to normal expression of D2S receptors (D2RϪ/Ϫ;D2LϪ/Ϫ) (see Results). The D2R ligand binding assays on striatal membranes were performed as described previously (Baik et al., 1995) . Briefly, striata were homogenized with a polytron in ice-cold buffer containing 10 mM Tris-HCl, pH 7.5, and 5 mM EDTA. The homogenates were centrifuged at 19,000 ϫ g for 40 min at 4°C and then the supernatants were collected and centrifuged again. Ligand-binding assays were performed with 15 g of striatal membranes using [ 3 H]spiperone (specific activity 84 Ci mmol; Amersham Biosciences, Piscataway, NJ) at concentrations of 0.01-0.6 nM; nonspecific binding was determined in the presence of 1 M(ϩ)-butaclamol. Binding data were analyzed with the GraphPad Prism program. Experiments were performed three times in triplicate.
Electrophysiology
Corticostriatal coronal slices (200 -300 m) were prepared from tissue blocks of the brain with the use of a vibratome (Calabresi et al., 1997 (Calabresi et al., , 2000b ). A single slice was then transferred to a recording chamber and submerged in a continuously flowing Krebs' solution (35°C, 2-3 ml/min) gassed with 95% O 2 /5% CO 2 . The composition of the control solution was (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl 2 , 1.2 NaH 2 PO 4 , 2.4 CaCl 2 , 11 glucose, 25 NaHCO 3 .
Whole-cell patch-clamp recordings were made with borosilicate glass pipettes (1.8 mm outer diameter; 3-5 M⍀) containing (in mM): 125 K ϩ -gluconate, 10 NaCl, 1.0 CaCl 2 , 2.0 MgCl 2 , 0.5 BAPTA, 19 HEPES, 0.3, 1.0 Mg-ATP, adjusted to pH 7.3 with KOH.
The striatum could be readily identified under low-power magnification, whereas individual neurons were visualized in situ using a differential interference contrast (Nomarski) optical system. This used an Olympus BX50WI (Tokyo, Japan) noninverted microscope with 40ϫ water immersion objective combined with an infrared filter, a monochrome CCD camera (COHU 4912), and a PC-compatible system for analysis of images and contrast enhancement (WinVision 2000, Delta Sistemi, Rome, Italy). Recording pipettes were advanced toward individual cells in the slice under positive pressure, and on contact, tight G⍀ seals were made by applying negative pressure. The membrane patch was then ruptured by suction, and membrane current and potential were monitored using an Axopatch 1D patch-clamp amplifier (Axon Instruments, Foster City, CA). Whole-cell access resistances measured in voltage clamp were in the range of 5-30 M⍀ before electronic compensation (60 -80% was used routinely). For synaptic stimulation, bipolar electrodes were used. These stimulating electrodes were located within the striatum close to the recording electrode. GABA A -mediated synaptic outward currents (IPSCs) were evoked at a frequency of 0.1 Hz and a holding potential of 0 mV. All of the experiments were performed in the presence of (ϩ)-MK 801 maleate (MK-801; 30 M) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 M) to block, respectively, NMDA and AMPA glutamate receptors. Quantitative data on modifications of IPSCs are expressed as a percentage of the controls, the latter representing the mean of responses recorded during a stable period (5-10 min) in control medium.
To study spontaneous GABA A -mediated IPSCs, the recording pipettes (5-8 M⍀) were filled with internal solution of the following composition (in mM): 110 CsCl, 30 K ϩ -gluconate, 1.1 EGTA, 10 HEPES, 0.1 CaCl 2 , 4 Mg-ATP, 0.3 Na-GTP. GABA A -IPSCs were stored by using P-CLAMP 8 (Axon Instruments) and analyzed off-line on a personal computer with Mini Analysis 5.1 (Synaptosoft, Leonia, NJ) software. The detection threshold was set at twice the baseline noise. The fact that no false events would be identified was confirmed by visual inspection for each experiment. Off-line analysis was performed on IPSCs recorded during a fixed time epoch (3-5 min), sampled every 5 or 10 min before (two samplings) and after (three to six samplings) the application of quinpirole. Only cells that exhibited a stable GABA A -IPSC frequency in control (Ͻ20% changes during the two control samplings) were taken into account. Averaged cumulative histograms were obtained by normalizing each distribution to the corresponding maximal value obtained in control. For data presented as the mean Ϯ SEM, statistical analysis was performed using a paired or unpaired Student's t test or Wilcoxon's test. When the differences between two cumulative distributions were compared, the Kolmogorov-Smirnov (K-S) test was used. The significance level was established at p Ͻ 0.05.
Drugs were applied by dissolving them to the desired final concentration in saline. CNQX and MK-801 were from Tocris (Bristol, UK). Bicuculline, quinpirole, and SCH 23390 were from RBI (Natick, MA). DA, tetrodotoxin (TTX), and L-sulpiride were from Sigma (St. Louis, MO).
Animals and tissue preparation for immunoassays
Adult male D1RϪ/Ϫ and WT mice were deeply anesthetized with sodium pentobarbital and perfused intracardially with 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. Their brains were removed and postfixed in the same solution for 2 hr at 4°C. Fixed brains were cryoprotected with 30% sucrose in 0.1 M PBS, frozen in dry ice and sectioned (25 m thick) with a freezing microtome. Coronal sections through the striatum were collected and stored in PBS with 0.02% sodium azide at 4°C for immunocytochemistry. All of the studies were approved by the appropriate animal care committee at the Cajal Institute, Consejo Superior de Investigaciones Científicas (CSIC), and all efforts were made to minimize the number of animals used and their suffering.
Antisera information
To localize DA D5 receptors, we used a polyclonal rabbit antiserum developed and characterized at the Cajal Institute, CSIC (see below). The dilution used was 1:2000. Striatal interneurons were identified with a polyclonal goat antiserum against choline acetyltransferase (ChAT; 1:1000 dilution; Chemicon, Temecula, CA) for cholinergic neurons and a monoclonal mouse antibody against parvalbumin (PV; 1:1000 dilution; Sigma). All primary antibodies were diluted in 0.1 M PBS, with 0.2% Triton X-100 (PBS-TX), 1% bovine serum albumin, and 0.1% sodium azide.
Generation of a polyclonal antiserum against D5 dopamine receptor
A specific polyclonal antiserum against the mouse dopamine D5 receptor was raised at the Cajal Institute, CSIC.
Generation of a glutathione S-transferase-D5 receptor fusion protein. A fragment of cDNA encoding the C terminus of the mouse dopamine D5 receptor (amino acids 377-477) was generated by PCR using specific primers designed from the published sequence. The sequence of the forward primer was 5Ј-CGGGATCCGTGCAGACGGTAAACATC-3Ј and that of the reverse primer was 5Ј-GCGAATTCCTAACAGTTTT-ATGGAAAC-3Ј. These primers incorporate BamHI and EcoRI sites at their 5Ј ends, respectively, to ensure successful subcloning and fragment orientation. PCR reaction conditions were 94°C for 4 min, 55°C for 30 sec, and 72°C for 30 sec, followed by 25 cycles of 94°C for 30 sec, 55°C for 30 sec, and 72°C for 30 sec. Then, the reaction product was incubated for 2 min at 72°C and quickly taken to 4°C in ice-chilled water. The PCR product was purified by GEN-CLEAN (Q-Biogen), digested with BamHI and EcoRI, and purified once again with GEN-CLEAN. The DNA fragment was ligated between the BamHI and EcoRI sites of the plasmid pGEX-2T for bacterial expression of a fusion protein composed of glutathione S-transferase (GST) and the C terminus of D5 receptor.
Generation of anti-D5 receptor antiserum. Bacterial expression of GST/D 5 receptor was induced in exponentially growing Escherichia coli BclI with 0.5 mM isopropyl-␤-thiogalactopyranoside for 8 hr. The recombinant fusion protein was then purified using glutathione Sepharose 4B beads (Amersham Biosciences), and it was used subsequently to inoculate two rabbits following standard protocols. Serum samples were collected at different times after inoculation to monitor antibody production with an enzyme-linked immunosorbent assay.
Purification of anti-D5 receptor antiserum by high-affinity chromatography. We have used the immunospecific method that exploits the antigen-antiserum binding specificity. Purified GST-D5 fusion protein (8 mg) was immobilized on 1 gm of cianogen bromide-activated Sepharose resin (Amersham Biosciences) using a coupling buffer (0.1 M NaHCO 3 / 0.5 M NaCl, pH 8.3). Then, the resin was incubated in 0.2 M glycine, pH 8.0, to block the remaining active groups and rinsed three times with coupling buffer and distilled water. The resin was equilibrated with PBS buffer, and then 1 ml of the anti-D5 antiserum (diluted 10 times in Tris-HCl buffer) was mixed and incubated with the beads for 4 hr. This sample was transferred into a Bio-Rad column (Bio-Rad, Hercules, CA), rinsed with 20 vol of 10 mM Tris, pH 7.5, and rinsed again with 10 vol of 50 mM Tris and 100 mM NaCl, pH 7.5. After that, the antibody was eluted in 20 bed-volumes of 100 mM glycine, pH 2.5, and collected in 1 ml elution fractions. Antibody-containing fractions were pooled and dialyzed overnight in 0.1 M PBS with 0.02% sodium azide. The specificity of the anti-D5 receptor antiserum was determined by immunohistochemistry and Western blot analysis.
Immunoblot analysis
Brains were removed rapidly from decapitated WT mice and rats. Prefrontal cortex and striatum were isolated and frozen immediately on dry ice. Brain samples were dounce-homogenized in 20 vol of buffer containing 20 mM HEPES, pH 7.9, 0.4 M NaCl, 20% glycerol, 5 mM MgCl 2 , 0.5 mM EDTA, 0.1 mM EGTA, 1% IGEPAL CA-630, 10 mg/ml leupeptin, 0.1 mM p-aminobenzamidine, 1 mg/ml pepstatin, 0.5 mM phenylmethylsufonyl fluoride, and 5 mM dithiothreitol. Samples were incubated in this buffer for 30 min at 4°C, and insoluble material was removed by centrifugation at 15,000 ϫ g for 30 min. Protein concentration in resulting extracts was assayed using the Bio-Rad Bradford method.
Aliquots of protein extracts (containing 70 g of protein) were boiled for 3 min and separated by size on a minigel SDS-PAGE apparatus (BioRad) using 10% polyacrylamide gel (with a 29:1 ratio of acrylamide to N, NЈ-methylenebisacrylamide). Proteins were transferred electrophoretically to a nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany) . Blots were incubated with antiserum at 1:1000 dilution in buffer containing 5% nonfat dairy milk for 4 hr. Goat anti-rabbit IgG conjugated to horseradish peroxidase was used to detect the binding of anti-D5 antibody. The immunoreactive bands were detected autoradiographically using Hyperfilm-enhanced chemiluminescence (ECL) films (Amersham Biosciences) and an ECL kit (Amersham Biosciences). Molecular weights were determined on the basis of the mobility of prestained SDS-PAGE standards, broad range (Bio-Rad).
Immunohistochemical procedures
Free-floating double-labeled immunocytochemistry was performed in brain sections from WT and D1RϪ/Ϫ mice following Rivera et al. (2002a) . Nonspecific binding sites in tissue sections were blocked with 5% bovine serum albumin in PBS-TX for 30 min. Sections were washed in PBS and incubated with anti-D5 antiserum and anti-ChAT antiserum or anti-PV during 48 hr at 4°C. The distribution of the antibodies was detected using the appropriate fluorescence-conjugated secondary antibody diluted 1:500 in PBS-TX and incubated for 1 hr in the dark (Table  1) . In each experiment, control sections were incubated with one primary antibody and then with both secondary antibodies to detect any crossreaction between primary and secondary antibodies. In these conditions, only one staining was evident, indicating no cross-reactivity between the antibodies used. Additional control experiments were performed for the D5 receptor immunohistochemistry by preabsortion of the D5 antiserum with the fusion protein. In this case, 1 l of anti-D5 antiserum was preabsorbed overnight with 100 nmol of the fusion protein before the immunocytochemistry protocol. Staining in this case was abolished completely. Sections were mounted in PBS/glycerol (1:1) and 2% DABCO (Sigma), coverslipped, and observed by laser confocal microscopy (Leica).
Results

Electrophysiological identification of striatal LA and FS interneurons in WT and mutant mice
In striatal slices prepared from WT, D1RϪ/Ϫ, D2RϪ/Ϫ, D2LϪ/Ϫ, and D2RϪ/Ϫ;D2LϪ/Ϫ mice, striatal LA and FS interneurons (at least 14 cells for each group of interneurons and each group of mice) were identified by morphological and electrophysiological criteria. LA interneurons were easily recognized in striatal slices for their large somata (25-55 m diameter), whereas no morphological feature allowed us to distinguish the rare FS interneurons (ϳ1 of 60 recorded cells) from the more frequently encountered medium spiny projection cells. The identification of FS cells, therefore, was only electrophysiological, 3-5 min after rupture by suction of a tight G⍀ seal made between the recording electrode and a small (10 -25 m diameter) striatal cell. The properties of both LA cholinergic and FS PV-positive neurons were indistinguishable in all the groups of animals tested, resembling those reported previously (Jiang and North, 1991; Kawaguchi, 1992 Kawaguchi, , 1993 Kawaguchi et al., 1995; Plenz and Kitai, 1998 Ϫ60 mV, larger input resistances, lower thresholds for spike generation, and afterhyperpolarizations of longer duration and amplitude than the other classes of striatal cells. In addition, during hyperpolarizing current pulses, they showed a time-dependent decline of the electrotonic potential, which has been demonstrated to follow the activation of a hyperpolarization-activated cation current (I h ) (Jiang and North, 1991; Kawaguchi, 1993; Bennett and Wilson, 1999) . Conversely, all FS interneurons were strongly hyperpolarized (approximately Ϫ78 mV) and silent at rest. In response to current injections, they fired narrow action potentials followed by large afterhyperpolarizations, displaying a high maximal firing rate (up to 200 Hz) with little adaptation. Intermittent burst firing was usually observed in response to moderate positive current steps, whereas no time-and voltagedependent membrane potential declines were observed during hyperpolarizing steps (Fig. 1) .
Effects of DA receptor stimulation on the resting membrane potential of LA and FS interneurons of WT and D1R؊/؊ mice Recent electrophysiological evidence showed that stimulation of DA D1-like receptors depolarizes both LA (Aosaki et al., 1998; Pisani et al., 2000) and FS interneurons (Bracci et al., 2002) of the rat striatum. In this part of the study, therefore, we investigated whether the excitatory effect of DA on both neuronal subtypes is also present in mice. Second, we assessed how the selective disruption of the D1 member of the D1-like subfamily of DA receptors in these cells would affect the DAergic response. Bath application of DA (10 -100 M; 5-7 min; n ϭ 7) produced a membrane depolarization in LA interneurons recorded from WT mice. This effect was reversible at the wash-out of the drug and was prevented by the DA D1-like receptor antagonist SCH 23390 (10 M) (n ϭ 4; p Ͻ 0.01) but not by the DA D2-like receptor antagonist L-sulpiride (3-10 M) (n ϭ 5; p Ͼ 0.05). The depolarizing effect of DA persisted unchanged in the presence of the sodium channel blocker TTX (1 M), indicating that it was mediated by the activation of D1-like receptors located on the somatodendritic region of the recorded cells (n ϭ 6; p Ͻ 0.001).
Essentially similar results were obtained when the effects of DA were measured on the membrane properties of FS interneurons of WT mice. DA (10 -100 M; 5-7 min bath application; n ϭ 8), indeed, dose-dependently depolarized these cells. As with LA interneurons, 10 M SCH 23390 blocked this effect (n ϭ 3), whereas neither L-sulpiride (10 M; n ϭ 4) nor TTX (1 M; n ϭ 6) had any effect.
In D1RϪ/Ϫ mice, DA was still able to depolarize both LA (n ϭ 6) and FS interneurons (n ϭ 5). In both neuronal subtypes, the DA-dependent membrane depolarizations were comparable between the two genotypes. This suggests that D5 receptors are the main receptors involved in the excitatory effects of DA on these interneurons. Accordingly, also in D1RϪ/Ϫ mice, preincubation of the slices with the DA D1 and D5 receptor blocker SCH 23390 (10 M) prevented the DA excitation in both neuronal subtypes (n ϭ 4 for both LA and FS cells), whereas L-sulpiride (10 M) was ineffective (n ϭ 4 for LA cells and n ϭ 3 for FS interneurons) (Fig. 2) .
Expression of D5 receptors in cholinergic and PV-containing striatal interneurons
In a previous study in the rat caudoputamen (Rivera et al., 2002b) , it was found that medium spiny neurons and interneurons express D5 receptors. In the present study we have investigated the expression of D5 receptors in cholinergic and PVpositive interneurons in mice lacking DA D1 receptors in an effort to determine whether the absence of D1 receptors has altered the expression patterns of the other member of the D1-like class of receptors, the D5 receptor subtype. We have performed double-labeled immunofluorescence experiments combining our anti-D5 antiserum with an antiserum against ChAT to label cholinergic neurons or with an antibody against PV to label FS cells in striatal sections of WT and D1RϪ/Ϫ mice. The distribution pattern of D5 receptors that we have observed with our anti-D5 receptor antiserum is identical to the distribution pattern shown with other anti-D5 antibodies that were raised in different species and against different epitopes of the antigen (Bergson et al., 1995a,b; Luedtke et al., 1999; Ciliax et al., 2000; Khan et al., 2000) . These results confirm the specificity of our antibody. Thus, D5 receptors are expressed in medium and large cells in the striatum of WT and D1RϪ/Ϫ mice (Fig. 3) . This immunoreactivity is associated mainly with cell bodies, labeling the cytoplasm and often the primary dendrites too. We have found that all cholinergic neurons in the caudoputamen and nucleus accumbens expressed D5 receptors in both WT and D1RϪ/Ϫ mice (Fig. 3A-F ) .
Most of the PV-positive neurons also expressed D5 receptors. As in a previous report in the rat (Rivera et al., 2002b) , colocalization of D5 receptors with PV in the mouse striatal neurons was more frequent in the rostral than in the caudal part. In addition, double-labeled cells were distributed preferentially in the lateral striatum. These observations were made in the WT and D1RϪ/Ϫ mice and indicate that the absence of D1 receptor does not modify the expression pattern of D5 receptors. Moreover, the similarity of the staining in WT and D1RϪ/Ϫ mice indicates that our anti-D5 antiserum does not recognize D1 receptors, despite their homology (Fig. 3G-L) .
Immunoblot characterization of the D5 receptor antiserum
Affinity-purified anti-D5 receptor antiserum was characterized to study its specificity by Western blot analysis in tissue extracts from cortex, striatum, and hippocampus of mouse and rat brains. Figure 4 A shows representative results obtained with murine tissue extracts. The bands observed consisted of a doublet and a single band migrating with a molecular mass of ϳ64 -70 kDa (n ϭ 7) and a lower molecular band migrating approximately at 40 kDa. These bands were consistently observed in hippocampus, striatum, and cortex (Fig. 4 A, lanes 1, 2, and 3, respectively) , in both rat and mouse. Because the theoretical molecular weight of D5 receptors is 53 kDa [calculated from the amino acid sequence (Sunahara et al., 1991; Tiberi et al., 1991) , whereas the low molecular mass bands (ϳ40 kDa) may represent degradation products of D5 receptors (Luedtke et al., 1999; Ciliax et al., 2000) .
Occasionally another immunoreactive band of a higher molecular weight (ϳ120 kDa) was also observed (Fig. 4 B) . This band may correspond to a covalently dimerized D5 receptor, as has also been shown by other laboratories using a polyclonal antiserum (Bergson et al. 1995a,b; Ciliax et al., 2000) or a monoclonal antibody (Luedtke et al., 1999) . These antibodies have also been raised against a fusion protein similar to the fusion protein that we have used. Preabsorption of the antibody with the fusion protein overnight prevented the appearance of the bands (Fig. 4,  lanes 4 , 5, and 6 for hippocampus, striatum, and cortex, respectively). However, preabsorption of our antiserum with an unrelated GST-fusion protein did not prevent staining of the bands (data not shown). Liver extracts processed at the same time with brain tissue did not show any immunoreactivity (data not shown). These results confirm the specificity of our antiserum.
Effects of DA D2-like receptor stimulation on GABA Amediated synaptic inputs to WT and D2R؊/؊ striatal interneurons Stimulation of DA D2-like receptors depresses GABA A -mediated inhibitory synaptic inputs to both LA (Pisani et al., 2000; Momiyama and Koga, 2001 ) and FS striatal interneurons (Bracci et al., 2002) . Voltage-clamp recordings therefore were performed from single LA or FS interneurons to evoke IPSCs in WT and D2RϪ/Ϫ mice. In both groups of animals and interneurons, IPSCs were recorded after intrastriatal stimulation in the presence of MK-801 (30 M) and CNQX (10 M) to block NMDA and AMPA glutamate receptors, respectively. In this experimental condition, the evoked synaptic currents were completely sensitive to bicuculline (3 M; n ϭ 4 for each genotype and neuronal subtype), confirming their GABA A -mediated nature, and were detected as outward deflections when the membrane potential of WT or D2RϪ/Ϫ interneurons were depolarized to 0 mV. All GABA A -mediated IPSCs were evoked at this holding potential.
To identify the receptor subtype mediating the effects of DA D2-like receptor stimulation on striatal interneuron inhibitory inputs, we tested the effects of the genetic ablation of D2 receptors on the quinpirole-mediated inhibition of striatal IPSCs recorded from both LA and FS cells. The DA D2-like receptor agonist quinpirole (1-30 M; 5-7 min) failed to affect GABAergic IPSCs in both LA (n ϭ 6; p Ͼ 0.05) and FS interneurons of D2RϪ/Ϫ mice (n ϭ 5; p Ͼ 0.05), whereas it produced a significant and reversible inhibition of IPSC amplitude in both neuronal subtypes of WT mice (n ϭ 5 and p Ͻ 0.001 for LA and FS cells) (Fig.  5) . Furthermore, in WT interneurons, the depressant action of 10 M quinpirole on IPSC amplitude was effectively antagonized by subsequent application of 10 M L-sulpiride (n ϭ 2 for LA cells and n ϭ 3 for FS cells), confirming that it was mediated by the stimulation of D2Rs (data not shown).
Effects of quinpirole on GABA A -mediated IPSCs recorded from LA and FS interneurons of D2L؊/؊ and D2R؊/؊;D2L؊/؊ mice
Two isoforms of the D2 receptor are generated from the same gene by alternative splicing: D2L and D2S isoform. Interestingly, D2L and D2S receptors display differential affinities for inhibitory G-proteins (Guiramand et al., 1995) and have been suggested to serve distinct physiological roles (Usiello et al., 2000; Wang et al., 2000) . To identify which D2 receptor isoform is involved in the inhibition of GABA A transmission in LA and FS cells, D2LϪ/Ϫ mice were used.
In both LA (n ϭ 5) and FS interneurons (n ϭ 5) of D2LϪ/Ϫ mice, quinpirole (1-30 M) caused a dose-dependent depression of IPSC amplitude, which was prevented by preincubation of the slices with L-sulpiride (10 M; n ϭ 3 for both neuronal subtypes) and was essentially identical to that observed in the WT counterparts (n ϭ 4 for both LA and FS interneurons) (Fig. 6) .
Increased expression of D2S receptors has been described in D2LϪ/Ϫ mice (Usiello et al., 2000) . The normal sensitivity to quinpirole observed in D2LϪ/Ϫ mice, therefore, might be ascribed to this compensatory effect, which might fully overcome the requirement of D2L receptors in the quinpirole effects. To answer this question, D2LϪ/Ϫ mice were mated with D2 receptor null mice in an attempt to bring the amount of D2S sites to levels similar to those of WT animals. The pharmacological features of D2S receptor binding sites in D2R Ϫ/Ϫ;D2LϪ/Ϫ mice in comparison with D2LϪ/Ϫ mice were assessed by binding assays using [
3 H]spiperone, as described previously (Baik et al., 1995; Usiello et al., 2000) . The results of these experiments showed that in D2RϪ/Ϫ;D2LϪ/Ϫ mice the maximum binding capacities were strongly reduced as compared with D2LϪ/Ϫ and WT mice (Table 2) .
In LA (n ϭ 4) and FS interneurons (n ϭ 4) of D2RϪ/Ϫ; 3) or with the antiserum previously preabsorbed with the D5-fusion protein (lanes 4 -6). Note three bands with a molecular weight ϳ65 kDa and another band migrating with a lower molecular mass (ϳ40 kDa). Shown is the extract from hippocampus (lanes 1, 4), striatum (lanes 2, 5), and prefrontal cortex (lanes 3, 6). B, Immunoreactive bands obtained from tissue extracts of striatum (lane 1) and cortex (lane 2). Two bands migrating at ϳ65 kDa, another band with lower molecular mass (ϳ40 kDa), and another band of higher molecular mass (ϳ120 kDa) were observed. This latter band may correspond to dimerization of D5 receptors. The position of prestained molecular weight standards is shown to the left of the immunoblot autoradiograms. D2LϪ/Ϫ mice, quinpirole was still able to depress GABA IPSCs ( p Ͻ 0.05 for both LA and FS cells at 10 and 30 M), although to lower levels ( p Ͻ 0.01 at 3, 10, and 30 M quinpirole compared with WT and D2LϪ/Ϫ neurons recorded in the presence in quinpirole) (Fig. 6 ).
Effects of quinpirole on spontaneous GABA A -mediated IPSCs in LA interneurons of WT, D2R؊/؊, D2L؊/؊, and D2R؊/؊; D2L؊/؊ mice
To analyze further the action of quinpirole on GABA A transmission, its effect on the frequency and amplitude of spontaneous GABA-mediated IPSCs was examined. Spontaneous GABAergic IPSCs were recorded from LA interneurons by using cesium chloride-based patch pipettes. These pipettes significantly altered the action potential properties of the recorded neurons, thereby preventing the unequivocal identification of FS cells. At the holding potential of Ϫ60 mV and in the presence of 10 M CNQX and 30 M MK-801, bicuculline-sensitive (n ϭ 5) IPSCs were detected as inward currents. As expected for a presynaptic effect, quinpirole (10 M; 7-10 min application) caused in LA interneurons recorded from WT mice (n ϭ 4) a significant ( p Ͻ 0.01) reduction of the frequencies of IPSCs, without altering the amplitudes. This effect was abolished in D2RϪ/Ϫ mice (n ϭ 5; p Ͼ 0.05), remained intact in D2LϪ/Ϫ mice (n ϭ 4; p Ͻ 0.01), and was diminished in D2RϪ/Ϫ;D2LϪ/Ϫ LA cells [n ϭ 6; p Ͻ 0.05 compared with pre-quinpirole levels and with spontaneous IPSCs (sIPSCs) recorded in WT and D2LϪ/Ϫ cells in the presence of quinpirole] (Figs. 7, 8 ).
Discussion
The results of the present study demonstrated that DA controls striatal interneuron excitability through postsynaptic D5 receptors and presynaptic D2 receptors located on GABAergic nerve terminals. In addition, these studies strongly point to an involvement of both isoforms of the D2 receptor in the presynaptic effects of DA on GABA transmission. Indeed, the inhibitory effect of D2 receptor stimulation on both evoked and spontaneous GABA A currents, lost in D2RϪ/Ϫ animals, is preserved in D2LϪ/Ϫ mice, which express an equal number of D2 binding sites as WT animals, although composed exclusively of the D2S isoform. However, the response of D2LϪ/Ϫ mice was less pronounced when the number of D2S sites was reduced by 50%, leading to a condition of D2S expression closer to that found in WT animals.
D1 receptors are not necessary for the excitatory effects of DA on striatal interneurons
In D1RϪ/Ϫ as well as WT mice, DA was equally effective in depolarizing LA and FS cells of the striatum. The dose-response relationship of the DA effects in both genotypes was similar also at low concentrations, suggesting no participation of D1 receptors in this electrophysiological effect. Overexpression and overfunctioning of D5 receptors in D1RϪ/Ϫ mice, however, might potentially explain the virtually coincident dose-response curve for the DA effects observed in WT and D1RϪ/Ϫ interneurons. Clearly, the use of the recently generated D5 receptor-lacking mice (Holmes et al., 2001; Hollon et al., 2002) will be essential to strengthening our conclusion. In addition, adaptive changes of non-D1-like receptors might also take place in D1RϪ/Ϫ mice, and this might compensate, in principle, for the impaired D1 receptor-dependent function (Borowsky et al., 2001; Federici et al., 2002) . However, the experimental evidence that SCH 23390 was able to fully prevent in D1RϪ/Ϫ mice the excitatory effect of DA in both LA and FS cells rules out this hypothesis because unconventional DA receptors have been reported to be insensitive to the classical antagonists of DA D1-like and D2-like receptors, including SCH 23390 (Federici et al., 2002) . The D1 receptor subtype in the striatum is much more abundant than the D5 receptor subtype. We now know that the pattern of expression of these two receptor subtypes in the striatum is complementary to a large extent. Although D1 receptors are strongly expressed in projection neurons (Surmeier et al., 1996) , D5 receptors are preferentially expressed in striatal interneurons and weakly expressed in projection neurons (Bergson et al., 1995b; Rivera et al., 2002b) . The presence of D5 receptors in cholinergic cells has been demonstrated by single-cell RT-PCR and by double-label immunofluorescence experiments (Rivera et al., 2002b) in which it was demonstrated that all cholinergic cells expressed D5 receptors. In addition, demonstrated that most of these cells do not express D1 receptors. On the basis of these findings, previous works conducted on striatal LA interneurons already argued that D5 receptors mediate the electrophysiological actions of D1-like receptor agonists on these cells Aosaki et al., 1998) . Our double-label immunofluorescence data combined with our electrophysiological study on mice lacking D1 receptors provides solid evidence that D5 receptor mediates the electrophysiological effects of D1/D5 ligands because no available pharmacological agent discriminates between D1 and D5 receptors, and D1 receptor mRNA has been detected, although rarely, in isolated LA cells .
In the same direction, the presence of D1 receptors in FS PV-positive neurons in the striatum is still inconclusive. However, our double-label immunofluorescence data indicating the presence of D5 receptors in PV cells in D1RϪ/Ϫ mice provides strong evidence that the D5 receptor is the DA receptor subtype involved in the depolarizing action of DA in these striatal interneurons.
D2 receptors mediate the inhibitory action of DA on GABAergic inputs to striatal interneurons GABA-mediated inputs to both LA and FS interneurons have an essentially identical sensitivity to DA D2 receptor stimulation. Genetic manipulation of D2 receptor expression leads to comparable changes of the sensitivity of both neuronal types. These results strongly suggest that LA and FS interneurons receive the same type of GABAergic afferents. Interestingly, GABAergic innervation of the striatum is almost totally intrinsic, originating from recurrent collaterals of projection neurons or from GABAergic interneurons (Wilson and Groves, 1980; Bennett and Bolam, 1994; Yung et al., 1996; Plenz and Kitai, 1998; Koos and Tepper, 1999) . Although recurrent collaterals of spiny neurons form a dense intrastriatal network (Wilson and Groves, 1980; Wickens et al., 1995; Beiser and Houk, 1998) , functional studies showed that activation of one spiny neuron rarely triggers synaptic events in another nearby neuron (Jaeger et al., 1994; Tunstall et al., 2002) . By contrast, action potentials evoked in an FS interneuron have been found capable of producing stronger GABAmediated synaptic events in spiny neurons (Plenz and Kitai, 1998; Koos and Tepper, 1999) , suggesting that GABAergic interneurons, rather than axon collaterals of spiny cells, exert the predominant inhibitory control of striatal neuron excitability.
The origin of the GABAergic input to striatal interneurons, however, remains to be clarified. Dual recordings suggested that it does not come from projection neurons Tepper, 1999, 2002) , although pallidal afferents may be involved (Bevan et al., 1998) . Notably, GABAergic interneurons are the principal candidates for the synaptic inhibition of striatal LA and FS interneurons. GABAergic interneurons, in fact, have a dense arborization of axon collaterals within the striatum, extensively contact perikarya and dendrites of several striatal cells, including interneurons themselves (Chang and Kita, 1992; Kita, 1993; Kawaguchi et al., 1995) , and express D2 receptors on their nerve terminals (Delle Donne et al., 1997) .
Concluding remarks
DA is a crucial regulator of striatal function. Loss of nigrostriatal DAergic projection, in fact, causes severe motor abnormalities in Parkinson's disease patients and in animal models of parkinsonism (Bergman et al., 1998; Obeso et al., 2000) . In addition, a disordered striatal DAergic transmission is involved in other neuropsychiatric disorders such as schizophrenia and drug addiction (Berke and Hyman, 2000; Lewis and Lieberman, 2000; Hyman and Malenka, 2001) . Despite the importance of this transmitter in critical brain activities, however, the cellular mechanisms by which DA affects striatal neuron excitability are mostly unknown. The effects of DA on projection spiny neurons have been investigated extensively in recent years. The results obtained led to the discovery that DA, particularly via D1 receptor activation, Figure 8 . Effect of D2 receptor stimulation on sIPSC frequency and amplitude of WT and mutant LA interneurons. A, The histogram shows the average effect of 10 M quinpirole on the frequency of GABAergic sIPSCs recorded from LA interneurons. Cells from WT, D2LϪ/Ϫ, and D2RϪ/Ϫ;D2LϪ/Ϫ mice are significantly affected by this drug ( p Ͻ 0.01 for both WT and D2LϪ/Ϫ mice and p Ͻ 0.05 for D2RϪ/Ϫ;D2LϪ/Ϫ mice). The quinpirole-mediated synaptic inhibition observed in D2RϪ/Ϫ;D2LϪ/Ϫ neurons, however, was significantly less pronounced than the one observed in WT and D2LϪ/Ϫ mice ( p Ͻ 0.05 compared with both WT and D2LϪ/Ϫ neurons). B, In the three genotypes, the reduction of sIPSC frequency is not paralleled by changes in their amplitude ( p Ͼ 0.05), suggesting a presynaptic mechanism for this phenomenon.
exerts a complex modulation of striatal output, depending mainly on the membrane potential of the neuron during the activation of DA signal (Nicola et al., 2000; Centonze et al., 2001) . Conversely, only a few studies have been devoted to the investigation of the action of this transmitter on striatal interneurons. By modulating the activity of interneurons, DA exerts a potent, although indirect, control on the final output of the striatum, because the projection neurons of this brain area are finely regulated by interneurons (Calabresi et al., 2000; Tepper, 1999, 2002) . Our study supports the conclusion that DA has a complex modulatory effect on the physiological activity of both cholinergic and GABAergic interneurons of the striatum by targeting presynaptic and postsynaptic cellular sites and distinct receptor subtypes.
In this study we identified components of the DA receptor family involved in DA regulation of striatal interneurons. This is an important step in understanding the physiology of the basal ganglia and in developing pharmacological compounds that are able to target selectively a specific neuronal function.
